the population, promotion of individual earnings, and growth in national economy. In this respect, opening new branches or reorganizing the locations of current branches is an important decision problem for banks to accomplish their strategic objectives. This paper presents a decision support method for multi-period bank branch location problems. The aim is to nd bank branch locations based on transaction volume, distance between branches, and cost of opening and closing branches. The proposed method not only develops an Integer Program and a Tabu Search algorithm to nd the exact places of branches, but also presents a structuring method to identify the related criteria and their importance. We demonstrate the e ectiveness of the method on random data. In the nal stage, the method is applied to a Turkish bank's branch location problem considering the current and possible places of the branches, availability of the data, and the bank's strategies for a four-year strategic planning. © ???? Sharif University of Technology. All rights reserved.
Introduction
Banks contribute to economic development and the improvement of living standards by using their funds borrowed from individuals, businesses, nancial institutions, and governments to make loans or purchase securities. They provide their customers with di erent products such as mortgages, credits, bank accounts, and portfolio management to earn pro t. They spend their pro t in the local economy as well as in regional or national businesses. Thus, they have fundamental roles both in local and global economy [1, 2] .
Opening new branches or reorganizing the locations of current branches is an important decision problem for banks to accomplish their strategic objectives. Although the alternative distribution channels have been widely used, banks increase the number of potential customers and improve their loyalty at branches. Naturally, banks sometimes need to open new branches to deal with the e ects of an increase in population, promotion of individual earnings, and growth in the national economy. The Turkish Banking Association reported that the number of bank branches in Turkey increased by 5.35% in 2013 [3] . In respect of Retail Banker International reports, JPMorgan & Chase opened about 90 branches in one month period in and thereby raised the number of branches to approximately 5,700 [4] . These examples show importance of the branch location problem for banks.
Formally, the bank branch location problem can be de ned as follows` [5] . Suppose that a bank plans to open some new and close existing branches where candidate locations for opening new branches and sites of available branches are already known. The aim of the problem is to nd an optimal con guration of the branches by deciding which branches to close and where to open new ones. A set of criteria which are speci ed depending on the bank's strategies should be employed to make this decision. The classical objectives of this decision are (1) to maximize the pro t of the branches depending on the criteria determined and (2) to minimize the cost function (e.g., the number of branches and the total weighted travel distance for customers).
This problem can be extended through introduction of di erent branch types since banks may have speci c branch types to provide special services to speci c customer segments such as individual, commercial, private, corporate, entrepreneur, and Smalland Medium-sized Enterprise (SME) banking. On the other hand, the problem can be modeled on a time horizon with a multi-period nature, since the location decision of bank branches has long-term e ects; most of the parameters (i.e., demand, costs, etc.) can change after a while, and opening/closing branches may come to order in di erent periods. There are numerous studies on multi-period location models, also referred to as dynamic location models, in the literature. On the other hand, most of the dynamic models focus on only the changing parameters. In some dynamic models, the location decision is considered at an operational level by changing the decision according to short-term conditions such as daily or hourly (i.e., ambulance redeployment or relocation) [6] . Our study is di erent in terms of determining the locations of bank branches over a long-term planning horizon. We have re-formulated the mathematical model in [5] for the multiple-period case. Additionally, we have also revised the Tabu Search algorithm in [5] for the multiperiod environment. We have made a comparison of the results of the current study with those of the singleperiod cases in detail. We have found that the multiperiod problem could be considered as more reliable for the given strategic decisions for multiple periods.
Although location problems for emergency service stations, re stations, etc. are broadly discussed in the literature, the bank branch location problem is much less considered. Among the few studies, most use Multi-Criteria Decision Making (MCDM) approaches. They evaluate possible sites with respect to the criteria and use the nal rankings to locate new branches. On the other hand, the current mathematical models try to solve a pre-de ned problem for a single period. According to our extensive literature review, which is presented in the following section, the main gap in the literature is related to a structured method for specifying the decision criteria and a method that considers the multi-criteria and multi-period nature of this strategic problem. To the best of our knowledge, there is no multi-period location model developed for and applied to the bank branch location problem in the literature.
In order to ll this gap, this paper presents a decision support method for multi-period bank branch location problems with multiple branch types. Basically, in the multi-period problem, locations of bank branches are determined over a planning horizon of a number of periods with a given maximum number of branches that can be opened in each period. It is required that the branches used to be open in a period remain open for certain periods in the time horizon. In this context, the model can be considered as a strategic problem for the banks. In the current study, rst, a set of criteria is selected according to a comprehensive literature review and experts' opinions. According to this review as well as the experts' opinions, transaction volume of candidate branches was discovered to have high importance and e ect on branches' pro tability [7] [8] [9] [10] [11] [12] [13] . In addition to transaction volume, experts also placed value in penalty of opening branches close to each other and cost of opening and closing a branch as the other main criteria. Next, weights of the criteria are speci ed for di erent types of branches based on experts' judgment delivered by pairwise comparisons. Furthermore, a multi-period mathematical program that aims to maximize the total net pro t of the di erent types of bank branches is proposed. Since an optimal solution cannot be obtained even for small-sized problems, Tabu Search (TS) algorithm is developed. The results of the TS are compared with those of the proposed mathematical program. Finally, the proposed method is applied to a Turkish bank to locate its branches in Istanbul, and the robustness of the method is tested through duality analysis.
The remaining parts of the paper are organized as follows. Section 2 is dedicated to the literature review about location planning in a multi-period manner and bank branch location problem. The details of the proposed methodology and experimental study for the Tabu Search are provided in Sections 3 and 4, respectively. The application of the proposed method in a Turkish bank is presented in Section 5. Finally, conclusions and future research are provided in Section 6.
Literature review
Opening new facilities in appropriate places is one of the most important decision supporting strategies for any institution. Facility location models have, therefore, been extensively used in studies on location problems of re, ambulance, police stations, etc. A taxonomic study was developed to investigate the location problems, which are deterministic or stochastic, including single or multi-period location decision, etc. [14] . A review of di erent site selection problems from distinct aspects was presented [15] . Mainly, facility location problems can be categorized as singleor multi-period depending on the number of periods in the planning horizon in which location decision is made. Multi-period location problems are handled in detail in subsequent sections; interested readers are referred to [5] for a comprehensive tutorial on singleperiod location problems.
Multi-period location models
Since the parameters a ecting the location decisions, such as customer demand and transportation costs, change over time, all facilities cannot be opened at once because of budget constraints. In addition, location decision is a strategic, multi-period location problem (or \dynamic location problems" as used in some studies), which has come to gain importance for both researchers and practitioners. By considering a planning horizon, multi-period location problems provide the appropriate timing of location decision and clari cation of the best locations [16] . Therefore, rms can better anticipate uctuations in customer demand in the corresponding time horizon as distinct from single-period models. They are also more e cient than single-period models are, since planners can easily deal with unstable parameters in each planning horizon [17] [18] [19] .
A multi-period model was proposed to minimize total costs including assignment of all facilities to their corresponding demand points and the removal and establishment of a facility [20] . A multi-period model was proposed by considering the single coverage of demand nodes and associating the service in di erent periods with importance, representing the relative importance of that period [21] . The Maximal Covering Location Problem (MCLP) was extended by considering a planning horizon to solve the problem in the multi-period scenario [22] . A Lagrangian heuristic was developed to investigate the p k -Median multiperiod location problem to minimize the openingrelocating problem of the facilities and transportation costs [23] . Multi-period p-Median problem was studied [24] . Next, 0-1 quadratic programming model was proposed to study the multi-period facility location and solve the model by simulated annealing and Lagrangian Relaxation [25] . An exact algorithm to solve the multi-period location problem was developed by integrating mixed integer with dynamic programing techniques [26] . The multi-period location of multiple facilities was addressed when the total number of facilities was uncertain during the planning horizon [27] . They proposed two di erent objectives: minimization of expected opportunity loss and of maximum regret.
A multi-period model for school network planning was presented by allowing the opening and closing of facilities and both the reducing and expanding of their capacity [28] . Their previous study was extended by applying simulated annealing for their proposed mixedinteger linear optimization models [29] . An algorithm was proposed for the capacitated, multi-commodity multi-period facility location problem [30] . A multiperiod location problem that allows facilities to open, close, and reopen more than once during the planning horizon was proposed, and a primal-dual heuristic was applied [31] . A multi-period set covering location model was developed for redeployment of ambulances to determine the minimum number of ambulances and their locations for each time horizon with the coverage requirement of predetermined reliability [6] . The multiperiod incremental service facility location problem was introduced to minimize the sum of assignment and facility opening costs [32] . They opened a predetermined number of facilities in each period to serve a limited number of customers assigned to these facilities. In their model, all customers must be assigned to a facility until the end of horizon. They used a Lagrangian heuristic to solve the problem. A multiperiod Backup Double Covering Model was proposed to maximize the total population serviced by two distinct facilities within two di erent response time limits over a planning horizon, and TS was used to solve the problem [33] . Lagrangian relaxation and Bender's decomposition algorithms were proposed for the multiperiod capacitated facility location problems [34] . A multi-period location-allocation problem about healthcare systems was studied, and a case study in Beijing was developed [35] . They proposed a heuristic method based on Lagrangian relaxation. A multi-period uncapacitated facility location problem with a budget constraint was presented [36] . They solved the model by using two heuristics (greedy and x-and-optimize) based on simulated annealing and compared the results with the CPLEX solver. Simulated annealing was used to solve multi-period MCLP [37] . A variable neighborhood search method was proposed for optimizing the emergency service network of police special forces units in a multi-period manner to minimize the maximum load of established emergency units in all time periods [38] . They solved real-life instances and compared the results with CPLEX. Only some related studies in the literature are mentioned; e.g., interested readers are referred to [39] and [40] for a comprehensive tutorial about multi-period location problem.
Although there are many multi-period location models discussed in the literature, none of them considered the decision criteria a ecting the selection of optimum location. Moreover, as stated by [41] , multi-period location models discussed in the literature generally focus on minimizing the total cost over the planning horizon by making sure that the demand in each period is satis ed, the reopening of an onceremoved facility is avoided, or a facility that has been established earlier during the planning horizon is removed. They generally focus on minimizing operation costs (e.g., opening and closing facilities, hiring and ring workers, and assigning customers to newly opened facilities) or distance over the time horizon. Additionally, literature does not cover multiperiod location problems that speci cally focus on bank branch location.
In this study, we take into account a set of criteria determined by a comprehensive literature search and experts' judgment and applied these criteria in a new mathematical model that has been suggested for a multi-period bank branch location problem. Therefore, the objective function of the proposed model includes three main factors such as the expected revenue, operating costs relating to opening and closing branches, and the cost relating to proximity of the same type of branch near each other. We try to maximize the total pro t of bank branches over the planning horizon, considering their revenue a ected by di erent criteria and costs. The model can be applied both for deciding on the e cient sites for branches and for evaluating the performance of available branches over the time horizon. Moreover, since the model is developed to support strategic management decisions, we guarantee that some branches stay in service by a set of constraints. According to [27] , there are two types of multi-period location models: i) Explicit models in which facilities can be opened and closed during the planning horizon due to the unstable parameters; ii) Implicit models in which all the facilities are opened in the rst period and stay open over the time horizon. Our model is a combination of explicit and implicit models, because while the branches can be opened and closed, some opened branches are restricted not to be closed for a time period during the planning horizon. Using the real-life application of the proposed method, we determine the penalty of opening the same type of branch near each other and ease of access based on the transportation network of Istanbul using the GIS; thus, realistic solutions can be found.
Bank branch location problem in the literature
In general, statistical analysis, MCDM, and mathematical programming are the most common methods used in the literature to open bank branches in the best places.
Among the statistical models, linear regression is extensively used in the literature. Stepwise linear regression was presented to identify performance criteria for candidate locations, and corrective actions were speci ed for underperforming branches [42] . In order to assess the performance of both current branches and potential sites for a Greek bank, regression analysis and performed statistical tests were used [43] . Regression analysis for the clari cation of the association between di erent factors and Bangladesh's Grameen Bank branch locations was recommended [44] . Regression analysis was used to determine the importance and e ect of di erent criteria, such as population, social and trade potential, competition, and nancial income on the transaction volume in order to nd the best locations for bank branches [45] . The factor of deposit-oriented activity, such as current and saving accounts, was found to be a signi cant driver [46] . They considered an increase in the deposit balances as an important key performance indicator in the Greek banking system. Two-and three-phase approaches were proposed to measure bank branch e ciency, consecutively [47, 48] .
MCDM techniques are commonly used for bank branch location problems [49] . Fuzzy goal programming was suggested by [50] for the commercial bank branch location problem in Ohio. Fuzzy Analytical Hierarchy Process (AHP) and TOPSIS methods were proposed to open a new branch in the best location among six cities in the South Eastern part of Turkey [51] . Fuzzy AHP and evidential reasoning techniques were suggested by [52] to determine criteria importance and rank the location alternatives, respectively. Geographical Information Systems (GIS) and a spatial interaction model were used by [53] in four phases by forecasting the probability of customers coming over a branch, specifying customers' expected distribution, computing the anticipated number of transactions in a speci ed branch, and nding the e ect of closing one or more branches. Pairwise comparisons based on an expert's judgment were used to determine the importance of the proposed criteria for four di erent types of bank branches [5] . AHP method was proposed to prioritize criteria and multi-objective optimization on the basis of ratio analysis to rank alternative locations for bank branches [54] .
As also stated by [49] , although the literature about the mathematical programming relating to the facility location problems is vast, the studies relating to both single-and multi-period bank branch location problems are insu cient. Risk and uncertainty were considered, constrained goal programming in a threelevel location-allocation model was used, and their methodology in the USA was implemented [55] . By means of GIS, the minimum number of branches was speci ed with maximum coverage, and their approach was applied to a bank in Greece. A bank branch location problem in New York was solved by applying greedy interchange, TS, and lagrangian relaxation [57] . The problem is the extended version of the p-median problem with a budget constraint for opening and closing branches. The total cost for the bank-branch restructuring problem was minimized using a mixed linear model, and a local search heuristic was proposed by applying drop and swap operations [58] . They focused on minimizing total costs (operating, opening and closing, hiring and ring employee, and penalty and service) without considering the potential revenue of each branch. The total bene t was maximized by considering the constraints associated with opening branches and customer waiting time [59] . They proposed a genetic algorithm to solve the problem. A model was developed to maximize the total population covered by the chosen branches [60] . A hybrid nested partitioning algorithm was proposed by taking into account demand, distance between branches, operations, and rental costs [61] .
Finally, to the best of our knowledge, there is no multi-period location model developed for and applied to the problem related to locating bank branches. On this account, this study suggests a method to nd the exact sites of bank branches in a multi-period plan using a mathematical program. Our method includes a problem structuring phase (i.e., identifying the criteria and nding their importance) to provide the necessary information for the mathematical program and the Tabu Search algorithm to solve it e ectively.
Proposed method
The proposed method is intended to solve a multiperiod bank branch location problem. First, the criteria related to the problem and their importance weights are found. Next, an integer program is improved to specify the locations of branches. Finally, since the proposed integer program cannot be solved optimally in a convenient time for the real-life sized problems, a TS approach is improved. The following subsections explain these steps in detail.
Identifying the criteria and their importance
Banks prefer opening special types of branches to reduce their operational costs and raise the e ectiveness of their related processes. Based on experts' opinions and market research in banking, according to [5] , individual, entrepreneur, corporate, and commercial types of branches are the most common types for almost all banks. Moreover, the criteria through a detailed literature survey and experts' opinions were identi ed [5] . While reviewing the literature, it is seen that many criteria (e.g., population, average per capita domestic income, home ownership rate, commercial potential, demographic characteristics, average household size, income level, etc.) are used in di erent studies, and there are no common criteria for the bank branch location problem. On the other hand, Data Envelopment Analysis (DEA) for bank branches was applied [11] [12] [13] , implying that transaction volume is one of the most prevalent factors in most studies. In addition to the literature review, experts' opinions are also gathered to identify the criteria through a questionnaire by means of one-to-one interviews made with the banking sector experts. Finally, transaction volume is speci ed as an important criterion for bank branch pro t in parallel with the other related literature [9] [10] 62] . Since using real data of transaction volume is almost impossible due to the con dentiality requirement of banks, transaction volume is forecasted by di erent criteria and sub-criteria depending on both the literature survey and experts' opinion. Finally, the selected criteria for estimating transaction volume are given in Table 1 . Criteria in Table 1 include some other factors relating to deposit-oriented activity. For instance, socioeconomic status and nancial situation cover the rate of retirees representing the population willing to save money, etc. In addition to transaction volume, distance between the candidate locations is identi ed as a main factor for the bank branch location problems according to experts' judgment. Thus, opening new (same type) branches in close proximity is penalized so that opening multiple branches nearby is prevented. Moreover, opening and closing costs are considered as two other main criteria.
After specifying all the criteria and related sub criteria, the importance of each criterion is identi ed. It is not convenient to use an objective method for determining importance, such as regression analysis, due to the lack of real data resulting from banking privacy; therefore, an appropriate subjective method is required to obtain the importance of the specied criteria. Among di erent subjective techniques such as rating, point allocation, etc., the pairwise comparison provides more acceptable solutions since decision-makers concentrate on nding the relative weight of only two criteria at each time [63] . Decisionmakers are also not a ected by external factors and are knowledgeable about the criteria that they evaluate. Moreover, the pairwise comparison is the main technique of AHP, originally proposed by [64] , and it is one of the most frequent methods both in decisionmaking and location problems [65] [66] [67] [68] . Furthermore, since the bank branch location problem can be modeled by a hierarchy including the decision goal and related criteria, pairwise comparison is found to be an e ective method for determining the importance of criteria. A pairwise comparison method was proposed [5] . In this particular study, 10 experts who are top managers in the Turkish banking sector evaluated the , and all sub-criteria (e.g., total population, number of private institutions, nancial institutions, hospitals and education places for number of potential customers, etc.) through one-on-one interviews for four di erent types of branches. After obtaining the assessment of each expert via pairwise comparisons, the importance of all the main and sub-criteria was identi ed [5] . The resulting importance values of the main criteria are given in Table 2 . As seen in Table 2 , transaction volume is the most important main criterion for all branch types. Compared to the others, distance between branches also has high importance and e ect on banks with no desire to open the same type of branches very close to each other.
Proposed multi-period mathematical program
According to related literature survey, while there are a few mathematical models developed for the single-period bank branch location problem, there is a shortcoming and requirement for models that deal with multi-period problems. In banking, the number of total branches in terms of di erent branch types to open is generally planned in multiple periods and is known in each period due to the bank's strategy as well as the budget constraints. Therefore, it is assumed here that the total number of new branches (or total number of branches) and the minimum number of each type of branch are known for each period in the planning horizon. Moreover, some branches cannot be closed as a result of particular bank's strategy (for instance, in our case study, branches opened in a certain period could not be closed within the following three periods). Thus, a new multi-period mathematical program to locate bank branches is de ned as follows (See Table 3 for the notation): 
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The objective function is used for maximizing the total pro t in all the periods (the di erence between transaction volume and the cost of opening branches near each other as well as opening and closing branches). In fact, the four parts of the objective function are the criteria determined in the previous section (see Table  2 ). In order to obtain comparable units of measurement for the four criteria and to allow for an inter-criteria comparison such as the aggregation proposed in the objective function, each criterion score is normalized to 0-1 interval.
Constraints (1) show the total number of branches of each type as equal to a pre-determined number P t j . Constraints (2) indicate the penalty of opening the same type of branches near each other according to the distances (d im ) and threshold values (S). t imj shows the penalty of opening branches of type j in period t in candidate sites i and m, considering a value between 0 and 1 (1 if the distance between branches is 0; 0 if the distance is greater than a pre-de ned value S). It is clear that t imj will be 0 in case a branch is not opened in site i or m in period t. On the other hand, k im is de ned to guarantee that t imj obtain the right values and is formulated according to the distance between candidate sites i and m, as shown in Figure 1 . t imj takes the same value as k im if both locations i and m are selected to open new branches in period t, and 0 otherwise.
Constraints (3) are used to ensure if a branch exists in period t + 1(x (t+1) ij = 1) and does not exist in period t(x t ij = 0); then, it is opened in period t + 1(z (t+1) ij = 1). Constraints (4) represent a special case of Constraint (3) for t = 0 to give the initial con guration of the existing branches. Constraints (5) are used to ensure that the variable related to closed branches (y (t) ij ) takes proper values. It is indicated here that ytij will take a value beginning from the second period by ensuring that y (t+1) ij = 1, if x t ij = 1 and x (t+1) ij = 0. Constraints (6) are a special case of Constraint (5) for t = 0 to provide the initial con guration of non-existing branches.
In this formulation, we assume that banks avoid closing branches that have been open over the last e periods in order to protect the bank's prestige. Therefore, Constraints (7) show that the current branches opened in recent times cannot be closed until they complete e periods in service. Similarly, Constraints (8) guarantee that new opened branches provide service for at least e periods. Constraints (9) and (10) indicate that decision variables are binary and penalties are nonnegative. In each period, the model provides an opportunity to open new branches and close some current ones, simultaneously. Finally, in each location, it is permitted to open at most one branch of the same type, although multiple branches with di erent types can be opened in the same potential site in each period.
We can prove that the proposed multi-period optimization problem is NP-Hard where L = ; t imj = 0, and jTj = 1, meaning that (1) all the branches can be closed; (2) the distance between all the candidate sites is higher than S; (3) the problem is de ned for a single-period. In such a case, the problem becomes MCLP known as NP-Hard, and an optimal solution to the proposed mathematical program is not expected to be obtained for large-sized problems [69] .
Tabu search procedure
Large cities provide high pro t potential and increased scope for competition between banks. Therefore, banks prefer to locate their branches in metropolitan areas with lots of candidate locations. On the other hand, solving the proposed mathematical program optimally is almost impossible for large cities due to the complexities described in Section 3.2. Thereby, e cient metaheuristic methods are required to nd a good solution to the proposed problem.
Justi cation of the tabu search approach is based on the studies published in recent years. For instance, it was argued that TS found better solutions than genetic algorithm and simulated annealing [70] [71] [72] . Moreover, it was demonstrated that TS produced e cient results for a multi-period mathematical model proposed for an emergency service station location problem [33] . Accordingly, we recommend a TS method to solve the multi-period mathematical model, presented in Section 3.2. TS begins with an initial solution, searching the neighbors of the current solution iteratively to improve the best solution. It forbids a de nite set of moves using a tabu list and prevents the recurring solutions. If a tabu move gives a better solution than a threshold value, it is accepted as a current solution. In the literature, there are wide ranges of optimization problems using TS due to its e ectiveness [73, 74] . Interested readers are referred to [75] for a comprehensive tutorial on TS.
Proposed Tabu search algorithm
Starting from an initial feasible solution, in each iteration of TS, we investigate the candidate solution that highly promotes the solution quality (objective function value -OF V ) among all possible moves for the four types of branches without violating feasibility conditions. If this candidate move is not tabu and, also, improves the current best solution, we accept it. If it is tabu and the aspiration criterion is satis ed by improving the current best solution, again, we accept it for the next iteration. Otherwise, we investigate another candidate solution.
The objective function of TS approach is the same as that in the mathematical program. The general structure of the proposed TS is introduced in Algorithm 1, and the proposed TS procedure is shown in Figure 2 . 
Diversi cation (if necessary).
In addition to the notations given above, T ABU used in Figure 2 addresses the set of moves which are forbidden and does not satisfy the aspiration criterion; counter keeps track of the consecutive number of iterations of OF V failure to improve for diversi cation.
Initial solution
In our TS method, Multi-Period LP-Relaxation Method (MPPRM) is used to generate an initial feasible solution. Similar to a plunging heuristic, in MPPRM, the initial solution is set to the solution of the LP relaxation of the proposed mathematical program for a single period. According to [5] and [33] , MPPRM provides better solutions than di erent initialization approaches, such as random or greedy heuristics, for the particular problem. Because all feasibility constraints (1, 7, and 8) are satis ed by opening P t j branches and not closing the branches opened in the last three years, the result of MPPRM is feasible. In MPPRM, binary variables (i.e., x t ij , y t ij , and z t ij ) are relaxed, and the LP is solved for each period separately, beginning from the rst period. In this respect, the candidate points (as many as P 1 j with the highest x t j values for each branch type) are selected to locate the branches in the rst period. By xing the solution found for the rst period, the model is solved for the second period, and the algorithm continues in the same way until the last period T .
Search
Beginning from the rst period in each iteration, the TS method investigates all potential moves for di erent types of branches and sets a possible solution based on the one that gives the highest rise in the OF V . It is clear that opening and closing the same number of multiple branches may be an alternative approach; however, this may raise the computational time considerably due to the requirement to search many neighbors. Moreover, this move does not ensure better solutions. Therefore, we prefer to open and close a single branch at each iteration.
Neighborhood
A neighborhood search is suggested that does not violate the feasibility by closing a branch, which has not been open in the last e years, and by opening a new one. The new branch cannot be opened in a place where there is another branch of the same type, and it cannot be among the ones in service in any period, simultaneously, for each type in each period. As an example for the case of T = 4 and e = 3, alternative neighborhood structures are presented in Table 4 . Suppose that a current solution in an iteration is given in Table 4 , the branch at Point 2 remained open a year before the planning horizon, while the branches in Points 5 and 8 were open more than two years ago. Therefore, since e = 3, the branch in Point 2 cannot be closed in periods t = 1 and t = 2. According to this information, Neighborhood Structure 2, presented in Table 4 , is not feasible as it o ers to close the branch at Point 2 in period t = 1. On the other hand, the same rule applies for the branches opened in the planning horizon. For instance, in the current solution, the 2-6-8-10 2-6-8-10-14 2-6-8-10-14 2-6-8-10 2-6-8-10-14 3 5
6-7-8-10-12 6-7-8-10-12-14 6-7-8-10-12-14 6-7-8-10-12 6-7-8-10-12-14-15 4 6 6-7-9-10-12-13 6-7-9-10-12-13 6-7-9-10-12-13 6-7-9-10-12-13-14 6-7-9-10-12- [13] [14] [15] branch in Point 10 is opened in period t = 2; therefore, it cannot be closed in periods t = 3 or t = 4 (see Neighborhood Structure 3 in Table 4 .). Finally, if a new branch is inserted in a new neighborhood, it should stay open in 3 periods, at least. For instance, if a branch is opened at Point 14 in period t = 1, it should not be closed in periods t = 2 and t = 3 (see Neighborhood Structure 4 in Table 4 ). Another important constraint is associated with the number of open branches during a period for each type of branches (it should be equal to P t j ). For instance, Neighborhood Structure 4 in Table 4 is not feasible as the number of branches in period t = 4 is equal to 7, which is higher than P 4 j = 6. In order to get a feasible neighborhood, satisfying all the mentioned constraints, we suggest closing an in-service branch which has been running for at least e periods from its initial opening period and, then, opening a new branch which has not been in service in any periods. For instance, in Neighborhood Structure 1 given in Table 4 , the branch in Point 8 is closed in period t = 1, and a branch in Point 14 is opened instead.
Eventually, by means of a current feasible solution and feasible neighborhoods obtained through the given method, TS maintains the feasibility in all iterations.
Tabu list and aspiration criterion
In TS algorithm, a tabu list is kept to avoid recurring solutions by preventing the same moves during a number of iterations measured by the tabu list size, thus highly a ecting solution quality. Therefore, the tabu list size should be determined according to the problem size and structure. Generally, the tabu list size depending on the instance size is recommended for the problems similar to our proposed model in the literature [76, 77] .
In the proposed TS procedure, a move is identi ed and, then, checked to determine whether it is included in the tabu list or not. If aspiration criterion is included, the related solution is accepted, although the move is associated with tabu. Conversely, new neighbors are searched for. The most common aspiration criterion used in the literature, which is associated with a tabu move, is applied if it provides a solution better than the current best-known solution [33] .
A tabu move is de ned by keeping the opened and closed branches together for each type of branches separately in di erent tabu lists. For each type, the exact branch pair to be closed and opened is taboo during a number of iterations.
3.3.6. Diversi cation and stopping TS has a tendency to get stuck on a local optimum, especially after a number of iterations when it can no longer produce a more e cient result in comparison with the ones found before. Sometimes, the best-so-far solution may not change in a number of consecutive iterations. In order to deal with this problem, a diversi cation method is used. If the best solution cannot be improved after k1 consecutive iterations, a new branch is opened and an existing one is closed randomly for the four types by conserving the feasibility.
Finally, a stopping criterion is set to terminate TS after k 2 iterations.
Experimental study
Before applying it to the real-life case, the proposed TS algorithm is tested, and the parameters are calibrated based on randomly generated problem instances. In the initial experiments, the value of T , which shows the number of years in the planning horizon, and the value of e, which represents the number of subsequent periods in which a newly opened branch cannot be closed, are speci ed as 4 and 3 (i.e., T = 4 and e = 3) as they are equal to the parameter values in the real-life case.
Here, 40 problem instances are randomly generated to test the performance of the proposed TS approach considering 5 problems, each with 50, 100, 200, 300, 400, 500, 750, and 1,000 candidate locations. The values of all the sub-criteria (see Table 1 ) for estimating transaction volume are randomly generated between 0 and 1 from the uniform distribution. Transaction volume is required to be forecasted in accordance with the relationship between the criteria. Therefore, values of all the criteria are normalized appropriately. To this end, the number of competitors' bank branches and the total distance to the neighboring potential branches are normalized as a cost attribute, while all the other criteria in Table 1 are evaluated as bene t attributes. By using standardized values and the importance of all criteria found by pairwise comparisons in [5] , transaction volume (h t ij ) with a value between 0 and 1 is speci ed for each potential location. k im values are calculated based on the function de ned in Figure 1 , after generating distances between potential locations (d im ) between 0 and 5.000 meters from a uniform distribution and assuming S to be 1.000 meters. The number of branches to open in the rst period (P 1 j ) is accepted as 10%, 4%, 2%, and 1% among the total number of possible sites' locations for di erent types of branches, respectively, based on the data provided from real-life cases. Moreover, it is assumed that banks do not necessarily wish to lower the number of available branches. Thus, P t j is assumed equal to at least the number of available branches in the previous period for each type. Furthermore, depending on the size of the problem, the sites of available branches and the ones which cannot be closed due to the strategy of a bank (sites opened in the last three years) are randomly generated. In order to avoid opening and closing a great number of branches because of randomness, a change in transaction volume beginning from the second period is speci ed by += (20%) with respect to the transaction volume of the previous period.
By using the same processor, the TS method in Microsoft Visual C++ is coded, and all instances with ILOG CPLEX 12.2 are solved. The results of CPLEX for 40 random instances are summarized in Table 5 .
As seen in Table 5 , the optimal solution to any problem could not be found by CPLEX at the end of a maximum run time set to 10 hours. The CPLEX gap changes between 4% and 15% with an average of 10.39%. As this gap is relatively low, CPLEX results (OF V ) as a good benchmark for our algorithm are used.
At the end of a detailed experimental study which was conducted in order to specify the parameters of TS, the best value of k 1 is set to 8. We also observed that tabu lists of a higher size provide more e cient solutions to the problems with many potential sites. Therefore, it was decided that tabu list size should depend on the instance size. Consequently, the sizes of tabu lists for the instances having 50, 100, 300, 400, 500, 750, and 1000 are set as 5, 7, 8, 10, 13, 15, 16, and 19, respectively . Finally, algorithms with 1,000, 2,500, 5,000, and 10,000 iterations (k 2 parameter) are run to evaluate the e ciency of TS regarding di erent and long durations. Table 6 shows the results of CPLEX and TS approach for 40 random instances.
The deviation values of the proposed algorithm compared to CPLEX solutions (lower bound) are positive for all the instances in 1,000, 2,500, 5,000, and 10,000 iterations. The average deviation of TS 17, 542 .00 seconds with 1,000, 2,500, 5,000, and 10,000 iterations, respectively. Furthermore, in order to investigate the role of T and e in the overall solution quality, the other combinations of T = 4, 5, 6 and e = 2, 3, 4 are analyzed. Appropriate initial solutions are generated using MPPRM de ned in Section 3.2.2, and identical initial solutions are used for the same T value. The results found at the end of k 2 = 10; 000 iterations are given in Table 7 .
As seen in Table 7 , TS nds solutions with OF V characterized by 4-5% better values than those of CPLEX at the end of k 2 = 10; 000 iterations, and solution quality does not oscillate much with di erent T and e values.
Concluding the experimental analysis, it can be stated that the TS provides solutions with more ecient results than the obtained ones targeted by both computational time and OFV for all the problems, regardless of the problem size, number of iterations, planning horizon, and constraint on the length of time during which a newly opened branch should be open.
Case study: Locating branches of a Turkish bank in Istanbul
The proposed TS method was applied to the multiperiod bank branch location problem of a Turkish bank in Istanbul. The data were collected by means of the Banks Association of Turkey and Turkish Statistical Institute. GIS was used to determine the possible branch sites. Istanbul has totally 763 sub-districts as candidate sites in which a new branch can be opened. The locations of available branches for each type and opening dates to apply the method were obtained. In addition, the coordinates of the sub-districts were considered as they are on the most frequent roads. The distances between candidate branches were calculated with regard to the road network via GIS; in doing so, the penalty of opening the branches with the same type nearby and ease of access for all possible sites were determined. In order to provide input for the proposed model, the values for all the criteria are standardized and made compatible with each other. To this end, after specifying S based on experts' judgment and the geographical positions of the potential sites and determining the distance (d im ) from road network between the bestserved potential sites, k im values are calculated. d im depends on the road network rather than on the direct distance between potential locations i and m; therefore, it may not be equal to d mi . On the other hand, since it refers to the distance between locations i and m, it is assumed to be unvarying during the planning horizon. Thus, k im also takes the same values in each period.
Furthermore, transaction volume of the candidate locations is estimated according to the relation between the criteria. For this purpose, values of all the criteria are normalized by considering the e ect, e.g., while the number of bank branches of competitors and the total distance to the neighboring candidate locations are normalized as a cost factor, the remaining criteria (total population, education level, number of nancial institutions, etc.) are assessed as bene t factors. By means of standardized values and the importance of all criteria found by pair-wise comparisons (which are stable during the planning horizon), transaction volume (h t ij ) with values between 0 and 1 is speci ed for each potential location. Thereby, each term of the objective function takes a value between 0 and 1.
Currently, there are 152 individuals, 18 entrepreneurs, 12 corporates, and 3 commercial branches, respectively, owned by the Turkish Bank in Istanbul. On the other hand, 16 individual branches, 18 entrepreneur branches, 10 corporate branches, and 1 commercial branch cannot be closed in the rst period because of the bank's strategy (opened in the last three years where e = 3). According to experts' opinions and the structure of Istanbul's sub-districts, we set S to 1.000 meters.
Additionally, the pairwise comparisons found in Section 3.1 are used as the parameters of the objective function to derive transaction volume.
Over the four-year planning horizon (i.e., T = 4), the bank seeks to shift the number of its branches in Istanbul as follows: for individual branches, 161, 169, 175, and 183; for entrepreneur branches, 20, 23, 25, and 28; for corporate branches, 13, 13, 15, and 16; for commercial branches, 3, 4, 4, and 5 for four Similar to the experimental study with random data, MPPRM is used as the initialization method. Lastly, the solutions of the TS method with the number or iterations k 2 = 5:000 and 10.000 are shown in Table 8 . It was found that the solution of CPLEX was very close to the upper bound (CPLEX Gap is 0.51%) at maximum time with 10 hours. However, the proposed TS outperformed CPLEX in both 5.000 and 10.000 iterations in a shorter amount of time. As given in Table 8 , the TS solution is 0.29% and 0.37% better than CPLEX solution in k 2 = 5:000 and 10.000 iterations.
According to the TS results, at the end of k 2 = 10; 000 iterations, we observe that, in the rst period, there are 14 individual branches to be closed and 23 branches to be opened, ve entrepreneur branches to be closed and seven branches to be opened, and two corporate branches to be closed and three branches to be opened. It is seen that the number of commercial branches (3) does not change, although the location of a branch changes. The outcomes of the four-year multi-period location problem for the branches of the bank are shown in Figure 3 . As explained in the mathematical model, it is allowed to open branches of di erent types in the same site. According to Figure 3 , branches in the western part of Istanbul are mostly closed, since most of the available branches are in service in these parts. The network is expanded after closing branches located close to each other and opening new branches in the easily accessible sites. Experts working as managers in the Turkish bank also endorsed the results of the solutions.
As seen in Figure 3 , the western and eastern sides are divided by the Istanbul Bosporus. In the rst period, closed branches are largely situated in the western part of the Istanbul, since a signi cant number of the available branches are in service in this area, and about half of the new opened branches are located on the eastern side due to the lack of current branches and attracting inhabitants of Istanbul with its developing districts as shown in Figure 3 (a) . There are only a few closed branches in the second, third, and fourth periods. This shows that the solution found in the rst period is e cient. It is seen that potential sites with high transaction volume and no branches nearby are chosen to open new branches to enlarge service network.
We have also applied TS to the single-period problem in [5] . When the location decisions of the single-period problem and those of the multi-period problem are compared, no marginal di erence is observed. However, when the whole time horizon is considered, the branch con guration is adapted to the needs of the further years through new branches opened and closed in the following years. Therefore, the multiperiod problem can be considered as more reliable for the strategic decisions given for multiple periods.
Sensitivity analysis was conducted to validate the solutions and assess the robustness via the four main criteria. The importance of the main criteria was changed by 10% and 20%. According to the analyses, the solution remains the same with the changes by +10% and -10% and di ers slightly by changes +20% and -20% of the four criteria at the end of k 2 = 10:000 iterations. Thereby, the method is found to be robust.
Conclusion and further research
This study presented a new method for multi-period bank branch location problems. A new mathematical model program was developed to nd the exact places of the bank branches. This model allows one to open and close the branches simultaneously, meaning that it can be applied for both deciding on the right locations and evaluating the performance of current branches. Since the decision version of the optimization problem is NP|Hard and the computational time even for the small problems might be very long with an exact method, a TS method was improved. Based on experimental analyses, for all the random problems, the TS is better than CPLEX targeted by computational time and OF V .
The suggested approach was applied to the branch location decision of a Turkish bank in Istanbul in a four-year period. It was observed that the solutions were robust and acceptable via experts' judgment and sensitivity analysis. The proposed TS algorithm can be applied to di erent multi-period location problems other than bank branches thanks to its search and neighborhood structure. Moreover, it can be used for a single-period location problem if the initial solution is changed by including only one period. On the other hand, we might simply disregard certain better solutions by selecting a candidate location from a more strictly delineated set of feasible solutions. However, the lack of real data of transaction volume, deposits, credits, and related banking outputs is an important limitation of this study. Besides, the proposed methodology may not be applicable to branch location problem in urban places where there are many branches of competitors in the same place. 
